Current implantable electrodes facilitate only a low cellular infiltration impairing the long-term integration into the host's tissue. To accomplish a seamless electronic-tissue interface, conductive three-dimensional (3D) scaffolds were generated by carbonization of electro-spun fiber meshes. When introducing NaCl particles as porogens, tailored tissue-like electrodes were generated. Characterization of the porous 3D fiber electrodes demonstrated improved material and electrical characteristics compared to standard carbon fiber meshes or flat gold surfaces. The feasibility of the porous 3D electrodes was assessed by cell culture experiments, confirming the migration of cells into the electrode and the formation of contracting cardiomyocyte clusters. Finally, a complex cardiac co-culture system proved the integration of the tissue into the 3D electrode in long-term culture of 7 weeks. These results strengthen the development of tissue-like 3D scaffolds as alternative to two-dimensional (2D) electrodes. The main challenge in the development of implantable electrodes is to improve the currently limited long-term tissue integration that induces adverse effects such as the encapsulation of the implant [1], [2] . This drawback is caused by differences in elasticity between the host tissue and the electrode, an insufficient electrode flexibility to follow tissue deformation as well as surface properties impairing the infiltration of the electrode with cells [3], [4] . Therefore, concepts for the generation of flexible electrodes were developed, consisting of microscopic conducting paths embedded in flexible silicone or SU-8 photoresist [5] , [6] . However, the infiltration of cells in the electrodes is still limited, although Bryers et al. [7] showed that the presence of interconnected pores, which facilitate cell infiltration in an implant, significantly reduces the foreign body reaction. Thus, an improved approach may be a seamless 3D tissue-electronic interface composed of conductive nanofibers that are embedded in the tissue. A common method for the fabrication of 3D nanofiber scaffolds is electrospinning, producing meshes in the regime of extracellular matrix fibers [8] . For example, by spinning polyacrylonitrile (PAN) with a subsequent carbonization, highly conductive nanofiber scaffolds with biocompatible properties were generated [9] . Disadvantage of electro-spun scaffolds is the small mesh size that impairs cell infiltration of the scaffold. The generation of electro-spun porous scaffolds by introducing porogens like sugar or NaCl into a non-conductive nanofiber scaffold during the spinning process has already been reported by different groups [10], [11] . Although the highly flexible polymer fibers demonstrated the infiltration of high cell numbers, the obtained pores were susceptible to collapse. Moreover, these porous polymer scaffolds are not applicable as electrodes due to their insulating properties. In our study, we fabricated conductive porous fiber scaffolds. Therefore, we combined conductive nanofibers with NaCl particles as porogens. The constructs were compared to standard carbon nano fiber scaffolds regarding their morphology as well as mechanical, electrical and biological characteristics.
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To generate porous scaffolds by a carbonization step, precursor structures developed. These structures were fabricated by alternate spinning of PAN, wetting by EtOH spray, and strewing NaCl particles ( Figure 1A ) of three defined size ranges ( Figure 1B) . To increase the construct thickness, these steps were repeated 12 times. After spinning, the mass fraction of NaCl in the fiber structures was measured by weighting and leaching the salt particles. Mass fractions in the range of 81% and 90% indicated a highly porous network in the precursor structures. To stabilize the NaCl-blended fibers, the meshes were tempered ( Figure 1C) , and subsequently carbonized. Thereby, the fiber diameter was reduced to 400 nm. In contrast to conventional procedures, a leaching step to remove the porogens is not required as NaCl particles melt and evaporate during carbonization. The presence of the porogens during carbonization resulted in cavities with a similar height and a multiple length of the initial particle geometry. Due to the rotating spinning drum, a dense and highly orientated fiber mesh formed in between the particles, whereas a loose network of PAN fibers was found on top of the introduced pores ( Figure 1D and E). In contrast, the standard mesh without porogens exhibited a homogeneously dense network structure ( Figure 1F ). The medium-sized fraction of NaCl particles (70-25 μm, porous scaffold M) showed the most promising mesh structure. For example, larger particles (>125 μm) entailed fiber ripping due to an increased tension during the tempering processes, whereas scaffolds produced by using the smallest particles (<70 μm, porous scaffold S) showed a higher mesh density compared to the scaffolds produced with medium sized particles. Interestingly, at the former positions of the NaCl particles, sheet-like deposits were detected in the meshes ( Figure 1D and E). This phenomena was strongest for the smallest particles. A possible explanation for the detected deposits is the precipitation of carbon into graphene-like structures [12] , [13] . Thereby, the melted NaCl acts as a solvent for the carbon-rich gasses formed during carbonization. The cross section of the carbon fiber meshes produced without porogens revealed a dense fiber scaffold with a thickness of 25 μm ( Figure 2A ). (A) Schematic drawing depicting the electro spinning of the precursor structure for the final porous carbon fiber scaffolds. The spinning solution was composed of 12% m/m Polyarcrylonitrile (PAN; Sigma-Aldrich Chemie GmbH, Munich, Germany) in N,N-Dimethylformamide (Sigma-Aldrich Chemie GmbH), and was spun applying 7 kV at a distance of 10 cm to a rotating drum. To enhance the material deposition, two syringe pumps were employed. After 12 min, the spinning process was paused, the drum was wetted with ethanol (Sigma-Aldrich Chemie GmbH), and subsequently strewen with NaCl particles of defined sizes. This process was repeated consecutively 12 times until the fiber scaffold was detached from the drum. (B) The NaCl particles were generated by crushing and sieving NaCl (Sigma-Aldrich Chemie GmbH). Therefore, sieves with pore sizes of 125 μm and 70 μm were used to produce three different particle size fractions of >125 μm, 125-70 μm and <70 μm. (B) Microscopic image that exemplarily shows the salt particles of the mediumsize fraction. The electro-spun NaCl PAN nano fiber precursor structure was stabilized in a muffle furnace (L08/14, Nabertherm, Lilienthal, Germany) with a heating rate of 2.5 °C/min to a final temperature of 250 °C. Subsequently, the scaffolds were incubated for 2 h at 250 °C. The entire tempering process was performed in standard air atmosphere and scaffolds were exerted to tension to prevent mesh folding and to improve the molecular structure. (C) Scanning electron microscopy (SEM) (Supra 25, Carl Zeiss AG, Oberkochen, Germany) imaging of the stabilized PAN fibers with the medium-size salt particles demonstrates the embedding of the particles in the fiber matrix. Following the tempering process, carbonization was performed in a tube furnace (R 50/250/12, Nabertherm) with a heating rate of 8 °C/min to a final temperature of 1000 °C in argon atmosphere. SEM images depict the resulting carbon nanofiber scaffolds fabricated with (D) medium-size salt particles, (E) small salt particles, and (F) standard fibers without salt particles as control. To ensure the complete evaporation of the NaCl, carbonization was prolonged to 2.5 h, whereas 1-h incubation in 1000 °C was sufficient for the standard fibers.
Figure 2:
Characterization of the porous fiber scaffolds. SEM images of cross sections depicting (A) standard spun fibers, (B) fibers spun with the 125-70 μm particle sized fraction, and (C) with the <70 μm particle sized fraction. In addition to the porosity, salt particles also resulted in altered mesh characteristics. (D-F) The distribution of the mesh opening size is increasing in the presence of salt particles during processing. The measurement of the mesh openings was realized by analyzing 30 SEM pictures per sample using ImageJ (National Institute of Health, Bethesda, MD, USA). For the porous scaffolds, the mesh opening size measurement was performed at the pore region. (G) For mechanical characterization, a stress strain curve was recorded. Measurements were performed in a Zwick universal testing machine (Zwick Roell, Ulm, Germany/100 N load cell) on scaffold stripes (0.5 cm width), with a clamping length of 3 cm, and a separation speed of 1 mm/min according to ASTM D 882-02. For standardization, the measured force was converted into mechanical stress using the estimated material thickness of the stripes calculated by: thickness = mass*density/geometric surface area. Density was taken from [14] . (H) To demonstrate the flexibility of the porous scaffolds, a bending test was performed. Therefore, scaffold stripes (0.7 cm width) were bent around metal rods with diameters ranging between 13 and 1.5 mm. Stripes passing the bending for a certain diameter without damage, were tested on decreasing diameters until structural damage was detected visually. For each measurement, 10 samples were tested. (I) In addition to mechanical properties also the electrical performance of the scaffolds was assessed by impedance spectroscopy. As reference, a gold foil was used. The samples were tested in a custom-made measuring chamber and an impedance spectrometer (3522-50 LCR, Hioki, Kagoshima, Japan) facilitating a frequency range between 1 Hz and 100 kHz. The insert shows the circuit equivalent used for the estimation of electrical parameters by a curve fitting algorithm. (J) The obtained parameters indicate an improved charge transfer compared to gold. Measurements were performed in DMEM (Thermo Fisher Scientific) after 30 min of incubation. To estimate the parameters, a non-linear least squares method provided by Nova 2.1 (Deutsche Metrohm GmbH & CO, Filderstadt, Germany) was employed.
In contrast, a highly porous structure was detected in the cross section of the salt-blended scaffolds (Figure 2B and C) . Here, elongated pores separated by a few fiber layers were observed. These additional cavities increase the scaffold thickness up to 200 μm. Interestingly, it was observed that a heterogeneous porogen distribution during electro spinning as well salt mass fractions higher than 90% lead to an elongation of the pores with delamination as consequence for porous scaffold M. Whereas smaller particles increase the susceptibility of delamination after carbonization. Thus, the thickness of the porous scaffold S ( Figure 2C ) is smaller than the one observed for the porous scaffold M ( Figure 2B ). When analyzing the area of the mesh openings, values ranging from 0 to 20 μm² (standard scaffold) or up to 75 μm² (porous scaffold M) ( Figure 2D and E) were found. Porous scaffold S ( Figure 2F ) exhibited slightly smaller mesh openings in contrast to porous scaffold M. An explanation might be that more fibers are deposited on small particles, causing an increased number of fiber layers and reduced mesh openings. In order to analyze the mechanical scaffold properties, a stress-strain curve was recorded ( Figure 2G ). Hereby it was detected that the elongation of the incorporated pores resulted in an increased strain length compared to the non-porous carbon fiber scaffold. Additionally, a remarkable improvement of flexibility was demonstrated by a bending test ( Figure 2H ). While the non-porous scaffold broke when bended around a rod of 5 mm in diameter, all porous scaffolds could pass all tested conditions down to a rod diameter of 1.5 mm. An explanation for this effect is that the thin layers in the porous scaffolds combined with a low fiber interconnectivity lead to a high flexibility of the entire scaffold, whereas the dense fiber network of the non-porous carbon fiber mesh limits the movement of single fibers, and impairs the apparent flexibility. Even folding of porous carbon fiber meshes did not induce complete failure of the fiber structure. To characterize the electrical scaffold properties, impedance spectra were recorded and compared to Au foil as a noble metal electrode surface ( Figure 2I ). The impedance at 1 Hz was approximately 50-fold decreased for all carbon scaffolds compared to gold. Additionally, only minor differences in the range of 100-200 Ω were detected between porous and standard scaffolds. Hereby, the porous scaffold S revealed the highest impedance at 1 Hz. Characteristic electrical parameters were derived by fitting an equivalent circuit (insert in Figure 2I ) on the measured impedance spectra ( Figure 2J ). As previously reported [15] , the magnitude and significance of the constant phase element (CPE) strongly depends on the surface properties, e.g. area or roughness, and confirm an increased electrical surface area (ESA) for the carbon fiber electrodes compared to the Au foil. The 20-fold lower charge transfer resistance and higher capacitance found for the carbon fiber scaffolds compared to Au indicate improved electrode characteristics in the tested experimental conditions. Similar values for the charge transfer resistance and capacitance on a noble metal electrode were reported previously [16] . In contrast to the ESA-dependent CPE parameters, the charge transfer resistance and capacitance can rather be related to the material properties of charge transition [17] . Moreover, most metal electrodes harness a faradaic charge transition, whereas the carbon surfaces facilitate a capacitive charge transition that is favored for bio electrodes [18] . Following material characterization, the biocompatibility and functionality of the generated porous carbon fiber electrodes were tested in biological environments, which differed in their complexity. Due to improved mesh properties of the porous scaffold M electrodes, these scaffolds were selected for further biological assessment. To demonstrate that the porous scaffolds can be infiltrated by human cells, human dermal fibroblasts (hDF) were seeded onto the scaffold and the scaffold-cell construct was cultured for 5 days. As expected for electro-spun meshes, the fibroblasts were only able to infiltrate the scaffold with cytoplastic sprouts and did not migrate into the mesh ( Figure 3A and B). D) confocal microscopy illustrating fibers (gray), actin (red), and the cell nuclei (blue). In addition to the hdF, human inducedpluripotent-stem-cell-derived cardiomyocytes (hiPSC-CM) were cultured on (E,F) standard scaffolds and on (G,H) porous scaffolds M. In analogy to the hdF, (E,G) SEM images and (F,H) confocal microscopy images were captured. Fibers appear in gray, cardiac troponin T (cTnT) in green, and the cell nuclei in blue. (I) Schematic drawing of an advanced co-culture composed of hiPSC-CM, mesenchymal stromal cells (MSC), and hdF [19] . A high integration of the cardiac tissue into the porous scaffold was demonstrated by (J) SEM imaging and (K) confocal microscopy. Color code is the same as for the hiPSC-CM culture. For the hdF culture, 20,000 cells/cm² were seeded on the fiber scaffolds and cultured for 5 days under 37 °C and 5% CO 2 . During culture, DMEM containing 10% FCS was exchanged every second day. hiPSC-CM culture was performed by seeding 250,000/cm² cells on the scaffolds. Constructs wee incubated for 7 days using RPMI-based cardiomyocyte medium. The same medium was used for the co-culture cells for which 100,000 cells of each cell type (hdF, iPSC-CM and MSC) were seeded on samples of porous fiber scaffold M with a surface of 0.63 cm². The seeded scaffolds were cultured for 7 weeks. Samples for SEM were fixed (Histofix, Carl Roth GmbH, Karlsruhe, Germany), dehydrated with EtOH (50%, 70%, 90%, 100% v/v) and dried with hexadimethylsiloxan (Sigma-Aldrich Chemie GmbH). Fluorescent staining was carried out with phalloidin (Invitrogen/ThermoFisher Scientific) as anti-actin agent, anti-cTnT (rabbit) (Sigma-Aldrich Chemie GmbH) and anti-rabbit antibody (Invitrogen/ThermoFisher Scientific) for staining of cTnT and DAPI (Sigma-Aldrich Chemie GmbH) as DNA agent. The fluorescent images were captured with a confocal microscope (TCS SP8, Leica, Wetzlar, Germany). The fibers were visualized by confocal reflection (excitation 476 nm, detection at 474-487 nm).
Moreover, a dense cell layer partially covering the scaffold surface was observed. In contrast to the standard scaffolds, the porous electrodes facilitated the infiltration by fibroblasts (Figure 3C and D) . Thereby, the seeded electrode exhibited a 3D tissue-like morphology. Concerning the application of the porous carbon fiber scaffold as a bio electrode, e.g. in a pacemaker device, the biocompatibility of the scaffolds was assessed with tissue specific cells. Therefore, human cardiomyocytes derived from induced pluripotent stem cells (hiPSC-CM) were cultured on the scaffolds for 7 days. On both scaffold types -porous and non-porous -the formation of contracting and cardiac-troponin-T (cTnT)-positive cell clusters were observed ( Figure 3E -H and Supplementary video). However, hiPSC-CM migration into the scaffold was barely detected. The contraction of the cell clusters and the presence of the mature cardiac marker cTnT [20] strengthens the compatibility of carbon fiber meshes for cardiac cells. To prove that the porous carbon fiber scaffolds can be embedded into a relevant target tissue, the scaffolds were used in a tissue engineering approach. Therefore, a co-culture system was established as previously described [19] . Due to their role in cardiac repair, hDF and mesenchymal stromal stem cells [21] were included, and the constructs were exposed to long-term culture conditions ( Figure 3I ). Analysis of tissue architecture revealed that in the co-culture cells were spreading and infiltrating the scaffold, and finally formed a tissue embedded in the electrode. Moreover, the formation of cell-cell contacts and fusion of hiPS-CMs was strengthened. In contrast to the hiPS-CMs mono-culture, the mature differentiation marker cTnT was highly aligned, indicating an improved functionality.
In this study we developed a flexible, porous 3D electrode. In contrast to classical 2D bio-electrodes, the porous carbon fiber electrode renders a suitable scaffold for tissue formation. The material and biological characterization strengthen this tissue-engineering-based approach for the development of seamless tissueelectronic interfaces.
